170 and 19F magnetic resonance (MR) imaging were used to determine simultaneously the concentra tions of H2170 and CHF3 in 0.8-cc voxels in the cat brain during inhalation of a gas mixture containing both 1702 and CHF3• The arterial time course of CHF3 was deter mined by "on-line" mass spectrometer detection of ex pired CHF3, and the arterial time course of H/70 was determined by 170 MR analysis of arterial samples with drawn during the inhalation period. The brain data and the arterial data for the two tracers were combined to Cerebral oxygen consumption (CMR02) can be imaged using an extension of the dynamic tracer methods proposed by Kety (1951) for measuring CBF. This approach follows the transfer of a label from oxygen gas to water-the final product of ox idative metabolism. The analysis of these data is complicated by venous outflow of labeled water produced in the brain and arterial inflow of labeled water produced in other organs in the body. The calculation of CMR02 thus requires an independent measure of CBF and the arterial concentration of labeled water (Frakowiak et aI., 1980; Mintun et aI., 1984; Pekar et aI., 1991).
emission tomography to monitor the concentration of H2150 in the brain during inhalation of 1502 (Jones et aI., 1976; Subramanyam et aI., 1978; Frackowiak et aI., 1980; Mintun et aI., 1984) . In these studies, CBF is calculated in a separate ex periment that employs H2150 as an inert tracer. CMR02 can also be imaged using 170 magnetic res onance (MR) imaging to monitor the concentration of H2170 in the brain during inhalation of 1702 (Pe kar et aI., 1991) . In the preliminary experiments us ing this approach, CBF was also calculated in a separate experiment that employed H217 0 as an in ert tracer (Pekar et aI., 1991) .
In this communication, we present a nuclear mag netic resonance (NMR) "double-label" approach that can be used to measure CBF and CMR02 in the same voxel at the same time. In this approach, 170 and 19F MR images are obtained in a multinuclear, interleaved manner during inhalation of a gas mix ture containing both CHF3 and 1702, The time de pendence of the inert tracer CHF3 in the brain is used to calculate the CBF (Pekar et aI., 1994) , while the time dependence of H2170 is used, along with the observed value of CBF, to calculate CMR02.
MATERIALS AND METHODS

Animal preparation
All animal procedures were performed under an approved animal care and use committee protocol. Seven female cats (2.40-2.75 kg) were used for these studies. The cats were initially anesthetized with pentobarbital (40 mg/kg i.p.), femoral artery and vein catheters were placed, and an endotrache al tube inserted. Arterial blood pressure and heart rate were continuously monitored. Arterial samples for blood gas analysis were withdrawn at routine intervals, and body temperature was maintained with a water-jacketed heating blanket.
Animals were placed in a specially designed holder, paralyzed with an intravenous injection (4 ml) of succinyl choline (5 mg/ml in saline), and ven tilated with a Harvard model 665 respirator. The respirator volume was adjusted to keep P aco2 at � 34 mm Hg. Anesthesia was maintained with an intravenous drip (2-15 ml/h) of a saline solution containing pentobarbital (3.2 mg/ml) , succinyl choline (1.8 mg/ml), and heparin (17 units/mI). With some animals, the intravenous drip solution was prepared with Normasol (Abbott Laboratories, North Chicago, IL, U.S.A.) instead of saline.
Experimental protocol
The experimental protocol consisted of three consecutive periods: a "control" period (�1O min) in which the animal inhaled either room air or a mixture containing �25% 02175% N2; a "wash-in" period (15 min) in which the animal inhaled a mix ture containing 55% CHF3/ 25% 1702/20% N2; and a "wash-out" period in which the animal again in haled either room air or a mixture containing � 25% 02175% N2• The specific enrichment of 1702 gas used in the wash-in period ranged from 38.5 to 50.9 atom%.
Determination of arterial CHF3
A 13-m length of 21-gauge tubing was connected to the endotracheal catheter, and the inspired and expired concentrations of CHF3 were continuously monitored using a mass spectrometer gas detector (model 100 C; UTI Instruments, Milpitas, CA, U.S.A.), as described by Pekar et al. (1994) . The arterial concentration of CHF3 was assumed to be proportional to the CHF3 concentration in expired air (Branch et al., 1992) . The time dependence of the CHF3 concentration in arterial blood was fit to a biexponential curve, and the resulting analytic ex-pression was employed in subsequent calculations of CBF (see later).
Determination of arterial H2 170
Arterial samples (0.6 ml) were withdrawn every 60 s, starting 6 min before the end of the control period and finishing at the end of the inhalation pe riod. The samples were transferred to 10-mm NMR sample tubes containing 0.02 ml of 0.5 M ethylene diaminetetraacetate, and 170 NMR spectra were obtained from the samples using a Bruker MSL 300 spectrometer. The H217 0 concentration in each sample was calculated from the amplitude of the H2170 NMR signal, assuming that the natural abun dance H217 0 concentration in the control samples was 20.3 mmol/L of blood water (McLaughlin et al., 1992) .
MR imaging
A 4.7-T General Electric CSI Omega NMR spec trometer with 15-cm (i.d.) shielded gradients was used. A 3.5-cm-diameter surface coil was posi tioned over the parietal region of the intact head. The coil was double-tuned according to the proce dure of Schnall et al. (1985) and inductively coupled to obtain a broad-band match at both frequencies.
The lower resonance was tuned to 170 (27 MHz). For the initial acquisition of IH MR images, the upper resonance was tuned to IH (200 MHz). The upper resonance was then retuned, in situ, to 19F (188 MHz).
The efficiency of the low-frequency (170) or the high-frequency e9F) resonance can be optimized by adjusting the value of the "trap" inductance to be much smaller or much larger than the NMR coil inductance, respectively (Schnall et al., 1985) . Al ternatively, the efficiency of both resonances can be equalized (at � 70% of the optimal efficiency) by making the trap inductance equal to the NMR coil inductance. A number of experiments were per formed with the trap inductance approximately equal to the coil inductance. However, it was found that reducing the trap inductance by a factor of 2 increased the efficiency at the 170 frequency, but did not degrade the efficiency at the 19F frequency, and these conditions were used for the experiments presented here. One explanation for this observa tion is that at the 170 frequency, the noise is dom inated by contributions from the coil, while at the 19F frequency the noise is dominated by contribu tions from the head (Chen and Hoult, 1989) .
Axial, coronal, and sagittal IH MR images were collected using a spin echo sequence. The slice thickness for the 1 H MR images was 2 mm, the repetition time was 2.5 s, and the echo time was 60 ms. The resolution was 256 x 256, and the field of view was 50 x 50 mm. Two cycles were acquired, giving a total time for each image of 21 min. The IH images were used to choose a 0. 8-cm-thick slice parallel to the plane of the surface coil, and I-ms "sinc" 19p and 170 radiofrequency (rt) pulses were used to select this slice.
Spectroscopic imaging utilizing two-dimensional phase encoding (Brown et aI. , 1982) was used to obtain two-dimensional 16 x 16 19p and 170 MR images of the 0. 8-cm-thick slice. Each data set was acquired using 14 x 14 limited "k-space" acquisi tion. The field of view was 16 x 16 cm, the nominal voxel size was 0. 8 cc, and the full width at half maximum of the spatial point spread function was 1. 3 cm.
The 19p and 170 MR imaging sequences were in terleaved, as shown in Pig. 1. This sequence is based on the approach proposed by Eleff et al. (1986) for interleaved multinuclear spectroscopy. The amplitude of the 19p rf pulse was adjusted to optimize the 19p MR signal from CHP3 (Ernst and Anderson, 1966) . The amplitude of the 170 rf pulse was adjusted to give a pulse angle of �'ITI2. Each 19p rf pulse utilized a different combination of x and z field gradients and was used to obtain a single point in k-space for the 19p MR image. The set of 11 170 rf pulses immediately following each 19p rf pulse utilized the same combination of x and z gradient pulses and were used to obtain a single point in k-space for the 170 MR image.
19p and 170 MR images were acquired every 42 s before, during, and after inhalation of a mixture containing CHP3 and 1702 (see previously). The 19p free induction decays were apodized with a 30-Hz exponential filter, which is approximately equal to the intrinsic linewidth of the 19p MR signal from CHP3 in the brain. The amplitudes of both compo nents of the "doublet" 19p MR spectrum of CHP3 in each voxel (see Pig. 2) were added to obtain the total amplitude, which was used to monitor the CHP3 concentration in the brain (Pekar et al., 1994) . The 170 free induction decays were apodized with a 180-Hz exponential filter, which is approximately equal to the intrinsic linewidth of the 170 MR signal from H/70 in the brain. The amplitude of the 170 MR spectrum of H2170 in each voxel was normal ized to the amplitude of the 170 MR spectrum of H2170 in the voxel under control condition, i. e., before inhalation of 1702, The H2170 concentration in the voxel was calculated from the normalized amplitude, assuming that the natural abundance H2170 concentration in the brain was 20.3 mmol/L brain water (McLaughlin et aI., 1992) .
Calculation of CBP
The time dependence of the CHP3 concentration in the brain was analyzed using a single-compart ment model to calculate the cerebral blood flow Q in the 0. 8-cc voxels. The following equation was used (Kety, 1951) : (1) where Cb(n is the CHP3 concentration in the voxel, Ca(t) is the CHP3 concentration in arterial blood, and A is the brain/blood partition coefficient for CHP3 (Pekar et al., 1994) . The arterial input func tion for CHP3 was calculated from on-line mass spectrometer analysis of expired air (see preced ing).
Equation 1 does not assume specific units for Ca(t), Cb(t), A, or Q, but does assume that the units of the four parameters are consistent. In the analy sis of the CHP3 data, both Ca(t) and Cb(t) are de rived from the 19p MR signals and contain arbitrary scaling factors. The units of the calculated values of Q are thus dependent on the units chosen for A. Assuming that A = 0.90 ml/g (Barranco et al., 1989; Ewing et aI. , 1990) , the units of Q estimated from the CHP3 data are milliliters per gram per minute.
Uncertainties in the estimated values of Q were calculated using Monte Carlo methods. The Monte Carlo calculations utilized the calculated arterial in put function, the measured standard deviation of the 19F MR signal from the 0.8-cc voxel, and the calculated value of Q for the voxel. The calculated uncertainties are expressed as standard deviations.
Calculation of cerebral oxygen consumption
The time dependence of H2170 in the brain is given by the following equation:
where Cb(n is the "excess" H2170 concentration in the voxel (i.e., the concentration in excess of the natural abundance value), Ca(t) is the excess H2170 concentration in arterial blood, a is the specific en richment of inhaled 1702 gas, )I. is the brain/blood partition coefficient for H20, and CMR02 is the ox ygen consumption in the voxel (Pekar et aI., 1991) . The zero time (T = 0) was determined from the extrapolation of the expired CHF3 concentration to zero. The arterial input function Ca(t) was calcu lated from measurements on arterial samples; Q was determined from the CHF3 data (see previ ously). With use of this information, the observed time dependence of the excess H2170 concentration in the voxel Cb(n can be interpreted using Eq. 2 to calculate CMR02 in the voxel. Equation 2 does not assume specific units for Ca(t), Cb(t), A., Q, or CMR02, but does assume that the units of the five parameters are consistent. Once the units for Ca(t) and Cb(t) are chosen, the units of )I. are determined (by definition), and the units of Q and CMR02 are determined by Eq. 2. The calcula tion of absolute values of CMR02 using Eq. 2 re quires that Ca(t) and Cb(t) be given in quantitative concentration units. We chose the units for Ca(t) and Cb(f) in Eq. 2 so that Ca(t) and Cb(f) could be normalized using the natural abundance concentra tion of H2170 (20.3 mmol/L water). The units of Cb(n were chosen to be millimoles of H2170 per liter of brain water, and the units of C aCt) were cho sen to be millimoles of H217 0 per liter of blood wa ter. With this choice, )I. is dimensionless, the units of Q are milliliters of blood water per milliliter of brain water per minute, and the units of CMR02 are millimoles of O2 per liter of brain water per minute. The units of /... , Q, and CMR02 used for conven tional tracer methods are milliliters per gram, milli liters blood per gram brain tissue per minute, and millimoles of O2 per kilogram of brain per minute, respectively. If we define Ao, Qo, and CMR020 as the values of the partition coefficient, CBF, and cerebral oxygen consumption in conventional units, the conversion between the units described and conventional units is given by the following equa tions (McLaughlin et aI., 1992) :
where I3 bl oo d = wt blood water/wt blood, I3 bra in = wt brain water/wt brain tissue, Pbl oo d = wt blood/ vol blood, and Pwater = wt brain water/vol brain water.
We assume that I3 bl oo d and I3 bra in for cat are the same as the values determined for humans, i.e., that I3 bl oo d = 0.81 and the average I3 bra in = 0. 79 (Ter Pogossian et aI., 1970) . We also assume that Pbl oo d = 1.05 g/ml (Altman, 1961) and Pwater = 0.99 g/ml (Dean, 1985) . With use of these values, A = 1.08 Ao and CMR02 = 1.27 CMR02o. We assume Ao = 0.90 mllg (Herscovitsch and Raichle, 1985) . The values of CMR02 reported here are given in conventional units. Uncertainties in the estimated values of CMR02 were calculated using Monte Carlo methods. The Monte Carlo calculations utilized the calculated val ues of Ca(t), the calculated values of Q and CMR02 in the voxel, the calculated standard deviation of Q, and the measured standard deviations of the 170 MR signals from the voxels and from the arterial samples. Calculated uncertainties are expressed as standard deviations.
RESULTS
Interleaved 19F/170 imaging of CHF3 and H2170 in brain Interleaved 19F and 170 MR images were ac quired every 42 s from the 0.8-cm slice illustrated in Fig. 2 . The axial image is overlaid with a grid de picting the nominal spatial resolution of the 19F and 170 images. Because of the small size of the cat brain and the relatively large size of the voxels (0.8 cc), only one voxel in the image is clearly contained within the brain. This central voxel was the only voxel used for further analysis of the data (see fol-J Cereb Blood Flow Metab, Vol. 15, No.2, 1995 lowing). Typical 19F and 170 MR spectra obtained from the central voxel are shown in Fig. 3 . Figure 4B shows the amplitude of the 19F MR signal from the central voxel in the image before and during inhalation of a gas mixture containing CHF3 and 1702 (see Materials and Methods). Figure  4D shows the time course of the mass spectrometer signal from CHF3 in expired/inspired air during the same period. The solid curve in Fig. 4B shows the best fit of the data to Eq. 1, using the arterial input function obtained from the mass spectrometer data (see Materials and Methods). The calculated blood flow for the voxel was 41 ± 3 ml 100 g-I min -I. The uncertainty in the calculated value of CBF was estimated using Monte Carlo methods (see Materi als and Methods).
Calculation of CBF
CBF was also calculated during the wash-out pe riod (see Pekar et aI., 1994) . For all seven animals, the CBF calculated during the wash-out period was not significantly different from that calculated dur ing the wash-in period (Student's t test, p = 0.05). Fig.  2 . The spectra, which were acquired concurrently in 42 s, were obtained -10 min after the start of inhalation of a gas mixture containing CHF3 and 1702, The signal in the 170 MR spectrum arises from H2170. Calculation of cerebral oxygen consumption Figure 4A shows the excess H2170 concentration in the central voxel in the image before and during inhalation of the gas mixture containing CHF3 and 1702, Figure 4C shows the excess H2170 concen tration in arterial blood during the same time pe riod. The solid curve in Fig. 4A shows the best fit of the data to Eq. 2, using the value of Q calculated for the voxel, and the H2170 arterial curve. The calcu lated CMR02 in the voxel was 1.3 ± 0.1 mmol kg-I min -1. The uncertainty in the calculated value of CMR02 was estimated using Monte Carlo methods (see Materials and Methods).
The procedure described was performed on seven different animals. The resulting values of CBF and CMR02 are shown in Fig. 5 . The dashed line in this figure is the least-squares linear regress sion analysis of the data. The average values of CMR02 and Q in the seven cats were 1.5 ± 0.5 mmol kg-I min-I and 38 ± 15 ml 100 g-I min-I, respectively. Equation 2 assumes that a, the specific enrich ment of 1702, changes instantaneously from the nat ural abundance value (0.037%) to the value ob served for the inhaled gas (-40%). In practice, a will not change instantly, but Eq. 2 can be modifi.ed to include the time dependence of a. If the major factor in determining the time course of a is mixing in the lungs, the time course of a can be approxi mated by the time course of expired CHF3• With use of this approximation, the modified form of Eq. 2 can be used to fit the data. The values of CMR02 calculated using the time-dependent expression for aCt) in Eq. 2 are, on average, 2% larger than the values of CMR02 calculated assuming a constant value of a. Since this difference is well within the error of the calculated CMR02 values (see Fig. 5 ), the CMR02 values reported here were calculated assuming a constant value of a.
Physiological parameters
The average physiological parameters immedi ately before inhalation of the gas mixture containing CHF3 and 1702 were as follows: Paco2 = 34. 3 ± 2.4 mm Hg; Pao2 = 123 ± 30 mm Hg; pHa = 7.41 ± 0.02; MABP = 94 ± 9 mm Hg; heart rate = 189 ± 32 min -I. There were no significant changes in the average MABP or heart rate during the inhalation period.
DISCUSSION
Our major conclusion is that concurrent 19F/170 MR imaging techniques can be used, in conjunction with theoretical approaches developed for radioac tive tracers (Kety, 1951; Lassen and Perl, 1979) , to obtain simultaneous estimates of CBF and CMR02 in a 0.8-cc voxel in the cat brain. This "double label" approach utilizes the inert tracer CHF 3 to J Cereb Blood Flow Me/ab, Vol. 15, No.2, 1995 measure CBF and the metabolically active tracer 1702 to measure CMR02• Given the relatively small size of the cat brain, only one 0.8-cc voxel in the two-dimensional 19FI 170 image was entirely within the brain (see Fig. 2 ). This voxel contained portions of both the lateral gyrus and the cingulate gyrus and was located in the parietal region (see Fig. 2A ). Both the CHF3 and the H217 0 data from this parietal voxel could be well fit using a single-compartment model (see Fig. 4 ). This observation suggests that the blood flow deter mined using the single-compartment model pro vides a good estimate of the average CBF in the voxeL
The errors in the calculated values of CBF and CMR02 in the parietal voxel, calculated using Monte Carlo methods, are approximately ±9% (see Fig. 5 ). When the experiment was repeated on a number of different animals, there was a wide vari ation in both CBF and CMR02 for this voxeL How ever, there was a good correlation between CBF and CMR02 in the different animals (see Fig. 5 ).
The average value of CBF for the parietal voxel (38 ± 15 ml 100 g -I min -1) can be compared with the CBF value estimated using autoradiographic data from cats under pentobarbital anesthesia. U s ing average CBF values in cingulate cortex, parietal gray matter, and white matter obtained from the data of Ginsberg et aL (1980) , Hossmann and Schuier (1980) , and Schuier et aL (1987) , and as suming that the ratio of gray to white matter in the parietal voxel was 3: 1, CBF in the parietal voxel was estimated to be 46 ml 100 g-I min -I . Given the assumptions involved in this comparison, the agree ment between the observed CBF value and the CBF value estimated from auto radiographic approaches is considered reasonable. The observed value of CBF in the parietal voxel is also in good agreement with the global CBF value calculated for cats under pentobarbital anesthesia (33 ml 100 g -1 min -I) re ported by Vise et aL (1977) .
In this study, the effect of 55% CHF3 on CBF in the central voxel was not investigated. However, the effects of high concentrations of CHF 3 on re gional and global CBF in the cat have been inves tigated previously. In one study employing radioac tive microspheres, 70% CHF3 did not cause a sta tistically significant change (p = 0.05) in frontal gray matter, parietal gray matter, brainstem, or cer ebellum blood flow, but did increase occipital gray matter blood flow and decrease white matter blood flow (Barranco et aI., 1989) . In another study uti lizing the Kety-Schmidt approach, 60% CHF3 did not significantly affect global CBF (Ewing et aI., 1990) .
The average value of CMR02 for the parietal voxel (1.5 ± 0.5 mmol kg-I min-I) can also be compared with the CMR02 value estimated using autoradiographic (CMRg1u) data obtained from cats under pentobarbital anesthesia. U sing average CMRglu values in cingulate cortex, parietal gray matter, and white matter obtained from the data of Ginsberg et al. (1977) and Tanaka et al. (1985) , and assuming that the ratio of gray to white matter in the parietal voxel was � 3: 1, CMRglu in the parietal voxel was estimated to be 0.23 mmol-I kg-I min -I. Assuming that the CMR02/CMRgiu ratio was 5.5 (Siesj6, 1978) , CMR02 in the parietal voxel was estimated to be 1. 3 mmol kg -I min -1. Given the assumptions involved in this comparison, the agreement between the observed CMR02 value and the value estimated from autoradiographic ap proaches is considered reasonable.
In the analysis used in the present work, CMR02 was obtained by fitting the excess brain concentra tion of H2170 to Eq. 2, using an independent esti mate of Q and an independent estimate of the arte rial curve for H/70. It is easy to show that if Q were not independently measured, Eq. 2 could not be used to calculate a statistically meaningful value of CMR02 even if the arterial curve for H2 170 were known.
The 170 MR approach for measuring CMR02 has a number of similarities to 150 positron emission tomography approaches for determining CMR02 (Jones et aI., 1975; Subramanyam et aI., 1978; Frackowiak et aI., 1980; Wise et aI., 1983; Mintun et aI., 1984) . One advantage of the 170 MR approach is that the H2170 signal is not contaminated with con tributions from the 1702 signal (Irving and Lapidot, 1971) , which simplifies the analysis of the data and obviates the need for a "blood volume" scan (Min tun et aI., 1984) . Another advantage is that the ex cess H2170 signal can be calibrated in terms of ab solute brain concentrations, using the signal from natural abundance H2170 in the brain. A third is that interleaved multinuclear MR imaging techniques can be used to collect data simultaneously from more than one tracer. The major disadvantages are the relatively low sensitivity of MR approaches compared to radioactive tracer approaches and the high cost of 170 isotopes. The low sensitivity ne cessitates the use of high concentrations of MR tracers and reduces the resolution of the CBF and CMR02 images.
